Telomerase shows increased activity in most human cancers and germ line cells, but not in normal human somatic cells. We describe a novel chemiluminescence method for the facile assay of telomerase activity in human cells. The telomerase substrate was incubated with the cell lysate containing various amounts of telomerase, and then the telomerase product was amplified by the polymerase-chained reaction (PCR). The PCR products were separated from the excess substrate, primer and deoxyribonucleotide triphosphates by a centrifugal filter, which distinguished different molecular sizes. The isolated products were reacted with a DNA-detectable chemiluminogenic reagent, 3,4,5-trimethoxyphenylglyoxal. The proposed assay method gave linearity for the telomerase activity in 100 to 10000 cells (r 2 = 0.997), and allowed the assay not only of lower activity, but also of higher activity of telomerase without the requirement of any special labeled-PCR primers in the assay system.
Introduction
A chromosome end in almost all eukaryotes is capped with a telomeric repeat that is composed of tandem copies of a simple DNA sequence, (TTAGGG)n. The telomeric repeat and its associated proteins form a telomere moiety in the chromosome, which protects against cell degradation, such as apoptosis. 1 Telomerase, a unique ribonucleic protein enzyme, synthesizes the telomeric repeat onto the chromosomal end using a segment of its RNA component as an internal substrate. 2, 3 The telomeric repeat is progressively lost at a rate of 30 -120 bp with each replication cycle of the cell. 4 The telomerase counteracts this shortening of the telomere moiety, and thus shows increased activity in more than 80% of all human cancers. 5 In addition, the telomerase is reactivated to proliferate and to bypass the Hayflick limit 6 in human fibroblasts, 7 mammary epithelial cells, 8 and keratinocytes. 9 Therefore, the telomerase is an interesting target for the diagnosis, prognosis, and treatment of cancer and other diseases associated with aging. [10] [11] [12] The telomeric repeat amplification protocol (TRAP) is usable for the detection of telomerase activity, in which the telomeraseenzymatic reaction is performed, and subsequently the telomerase product is amplified by PCR. In TRAP, the telomerase substrate should be designed not only as the specific substrate of the telomerase, but also as the forward primer for the PCR amplification. The conventional TRAP methods for the assay of telomerase activity employed a radio-labeled primer 13 or a fluorescence-labeled primer 14 in combination with polyacrylamide gel electrophoresis for the separation and detection of the six-base different lengths of the PCR products.
Recently, two different fluorescence-tagged primers were used for energy-transferring fluorescence detection without separating the products. 15 In those TRAP assays, however, many short length products are formed by PCR, because hybridization between the forward and reverse primers occurs during PCR.
In the present study, we employed special forward and reverse PCR primers having each of one mismatched base-pair at the 3′-ends in order to prevent the formation of the short-length products. 16 Figure 1 illustrates our protocol for the assay of telomerase activity in human cells. In this assay, the PCR products are readily separated with a centrifugal filter, which is able to remove molecular sizes lower than 50000 Da. The amount of the final PCR products on the filter is determined by the chemiluminogenic reaction with 3,4,5-trimethoxyphenylglyoxal (TMPG) at room temperature for a few minutes, using 60 mer oligonucleotide, (TTAGGG)10 as a standard material. The TMPG reagent gives chemiluminescent signals selective for the guanine base in DNA, and is quantitatively determinable for the concentration of DNA in the reaction mixture. 17 The present method does not require any labeled probes and primers, and allows a sensitive analysis of the telomerase activity by a conventional chemiluminescence (CL) detector.
Experimental

Chemicals and materials
HeLa and HepG2 cells were purchased from Riken BRC Cell Bank (Tsukuba, Japan). Dulbecco's modified Eagle's medium was purchased from GIBCO (Grand Island, USA). 3-[(3-Cholamidopropyl)dimethylammonium]-1-propane-sulfonate (CHAPS) lysis buffer (10 mM Tris-HCl pH 7.5, 1 mM MgCl2, 1 mM EGTA, 0.1 mM bezamidine, 5 mM 2-mercaptoethanol, 0.5% CHAPS, 10% glycerol) was purchase from (Chemicon, 472 ANALYTICAL SCIENCES APRIL 2008, VOL. 24 CA, USA). A ribonuclease inhibitor (RNasin) was purchased from Promega (Madison, USA). The telomere substrate (the forward primer) with a sequence of 5′-GTAAAACGACGGCCA-GTTTGGGGTTGGGGTTGGGGTTG-3′ and the reverse primer with a sequence of 5′-CAGGAAACAGCTATGACCCCTAA-CCCTAACCCTAACCCT-3′, and a standard oligonucleotide (60 mer) with the sequence of 5′-(TTAGGG)10-3′ were commercially ordered to Sigma Genosys Japan (Ishikari, Japan). The underlined sequences represent the hybridization sites in PCR. Takara rTaq polymerase was purchased from Takara Bio (Otsu, Japan). Bovine pancreas ribonuclease A was purchased from Nacalai Tesque (Kyoto, Japan). Centrifugal filters (Ultra free-MC 50000 NMWL Filter Unit) were purchased from Millipore (Bedford, USA). TMPG was synthesized as follows according to previously reported conditions: 18 To a stirred solution of selenium dioxide (45 mmol) in dioxane (40 mL) was added 3,4,5-trimethoxyacetophenone (50 mmol) at 40˚C. The mixture was refluxed for 2 h, and selenium dioxide (45 mmoL) was then added to the reaction mixture. After being refluxed for 3 h, the mixture was filtrated to remove insoluble selenium. The filtrate was mixed with 240 mL of H2O, and then kept at 4˚C for approximately 15 h. The formed precipitates were recrystallized from water to give colorless needles (mp. 101 -102˚C, yield 60 -70%).
Sample preparation
Two immortal HeLa or HepG2 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum for 3 -4 days. Normal somatic cells from oral cavity were collected with a cotton bud and suspended in 21.5 mM phosphate-buffered saline (PBS). The cell number was counted under a microscope with a cell counting chamber. Cells (approximately 40000 cells) were washed two times with 500 μL of PBS and suspended in 100 μL of CHAPS lysis buffer. The cell suspension was incubated for lysis on ice for 30 min and centrifuged at 13400g for 20 min at 4˚C. Aliquots of the lysate were immediately frozen in liquid nitrogen and stored at -80˚C.
Assay procedure of telomerase activity by CL detection
A telomerase reaction and subsequent PCR were carried out in a thermal cycler (Program Temp Control System PC-708; Astek, Fukuoka, Japan). Twenty microliters of the cell lysate were mixed with 25 μL of a reaction buffer (40 mM Tris-HCl (pH 8.5), 126 mM KCl, 3 mM MgCl2, 10 mM 2-mercaptoethanol, 100 μM dNTP (dATP, dCTP, dGTP and dTTP), 0.1 μg/μL BSA, 1.6 U/μL RNasin and 0.4 μM the telomerase substrate), followed by incubation at 30˚C for 30 min. The mixture (45 μL) was heated at 95˚C for 5 min to inactivate any telomerase activity, and then mixed with 5 μL of a rTaq mixture (2.5 U rTaq polymerase and 2 μM reverse primer), which was pre-heated at 85˚C for 1 min to reduce non-specific amplification during the initial set-up stages of PCR. PCR was carried out under thermal conditions with 25 cycles at 95˚C for 30 s, 68˚C for 30 s, 72˚C for 1 min, and finally at 72˚C for 5 min. The reaction mixture (50 μL) was transferred to a centrifugal filter device and centrifuged at 3500g for 5 min to separate PCR products from excess dNTP and primers. The filter was washed twice with 100 μL of H2O by centrifugation at 3500g for 5 min. A portion (50 μL) of 0.1% SDS was added onto the filter, which was then incubated at 37˚C for 10 min. The product in the solution on the filter was reacted with TMPG and detected with a CL detector (Luminescence Reader AccuFLEX Lumi 400; Aloka, Tokyo, Japan). The TMPG reaction and the CL detection were carried out as follows: A portion (20 μL) of the DNA product solution was mixed with 10 μL of 0.1 M tetra-n-propyl ammonium phosphate (pH 7.0) in a glass tube, and then a 200-μL portion of 10 mM TMPG in N,N-dimethylformamide was added. After the addition of the TMPG solution, the CL intensity was immediately detected with the CL detector for 2 min at room temperature (24 -26˚C).
An oligonucleotide (60 mer) of (TTAGGG)10 was used as a standard material for the determination of the DNA products.
Assay of telomerase activity by a conventional polyacrylamide gel electrophoresis 13 The telomerase reaction and subsequent PCR were carried out as described above. A portion (20 μL) of the PCR product solution was separated on 8% polyacrylamide gel (75 × 90 mm) at 200 V for approximately 35 min. After electrophoresis, the gel was stained with 5 μg/mL ethidium bromide for 10 min and washed with water, and then the fluorescence image was detected by a gel scanner (DAIANA III; Raytest, Straubenhardt, Germany). 1 Schematic protocol for the assay of telomerase activity by means of the CL reaction with TMPG. Telomerase synthesizes telomeric repeats from the substrate, and then the telomerase product is amplified by PCR with forward (the substrate) and reverse primers. The PCR reaction mixture is transferred to a centrifugal filter device to separate the amplified DNA products from unreacted primers and dNTP. The amplified products are solved in 0.1% SDS solution, and the product amount is determined by the chemiluminogenic reaction with TMPG. 14 A commercially available kit, TRAPese ® XL telomerase detection kit (Chemicon, CA) was used to compare with our proposed assay. The detection system of this kit was based on fluorescence resonance energy transfer (FRET), and Ampliflour ® primer was used as a PCR primer. This primer consists of a complementary sequence to the telomeric repeat sequence at a 3′ end, and a hairpin structure with two fluorescent compounds of fluorescein and 4-N,N-dimethylaminoazobenzene-4′-sulfonyic acid (DABSYL) at a 5′ end. The fluorescence of fluorescein in the primer was quenched by DABSYL during the enzymatic reaction with telomerase, because fluorescein and DABSYL were in close proximity within 5′ hairpin. When the primer was incorporated into a double-stranded PCR product, the hairpin was unfolded by the polymerase activity. In this extending conformation, the distance between fluorescein and DABSYL was longer, and then the fluorescence signal was increased. The telomerase reaction and subsequent PCR using the lysate of HeLa cells were performed according to the recommended protocol. The cell lysate (2 μL) was mixed with 48 μL of a TRAPeze XL reaction mixture containing substrates, Ampliflour ® primer, and rTaq polymerase, followed by incubation at 30˚C for 30 min. PCR was carried out under the thermal conditions with 36 cycles at 95˚C for 30 s, 59˚C for 30 s, 72˚C for 1 min, and finally at 72˚C for 3 min. After PCR amplification, the PCR solution (20 μL) was diluted to 600 μL with 10 mM Tris-HCl buffer (pH 7.4) containing 150 mM NaCl and 2 mM MgCl2. Then the fluorescence of the product was detected with a spectrofluorometer (FP-6300 fluorescence spectrometer; JASCO, Tokyo, Japan) at excitation and emission wavelengths of 495 and 516 nm, respectively.
Assay of telomerase activity by a conventional fluorescence detection
Results and Discussion
Telomerase assay with CL detection
To develop a facile telomerase-assay method, we utilized a chemiluminogenic reagent, TMPG. 17 About 40 fmol (800 pg)/ 20 μL DNA with telomeric sequence (TTAGGG)10 could be quantified with a good reproducibility by the TMPG reaction at room temperature (24 -26˚C). The molecular sizes of the PCR products after the enzymatic reaction with telomerase were more than 45000 Da, and the molecular sizes of the substrate (= forward primer) and the reverse primer of the proposed method were less than 12000 Da. In the proposed protocol, it was therefore important to separate the final PCR products from excess primers and dGTP used for PCR amplification in order to reduce the background signals. We used an ultrafiltration membrane, which could rapidly and easily separate the final PCR products. In our assay, the telomerase product was amplified by about 2 25 times by PCR using the substrate (= forward primer) and the reverse primer. Then, the final PCR products were detected with the TMPG reaction.
To investigate the optimum telomerase-incubation time, telomerase in the lysates of HeLa cells (5000 or 10000 cells) was reacted at 30˚C for different reaction times (0 -40 min). As shown in Fig. 2 , the CL intensity that was obtained from the final PCR products by the TMPG reaction proportionally increased with the amounts of telomerase until 40 min. For convenience, an incubation time of 30 min was set up in the present assay. The telomerase activity was expressed as the amounts (ng) of the DNA products in the final PCR mixture (50 μL).
For optimizing the reaction conditions of PCR, we examined the influence of the concentrations of the primers and dNTP on the PCR amplification. When the telomerase activity in HeLa cells was measured in the presence of various concentrations of primers, the CL intensity was increased with the concentration of the primers (Fig. 3) . At 0.4 μM primers, the CL intensity from the reaction mixture without the cell lysate was increased. This result suggested that a primer/primer complex was formed during PCR, and could not be removed by ultra filtration. However, we could obtain a low background and a good correlation between the cell number and the CL intensity at 0.2 μM primers.
When the primer concentrations were 0.2 μM, the CL intensity due to the final products was almost constant between the concentrations of 50 -400 μM dNTP (Fig. 4) . The background was very low, even when 400 μM dNTP was used. This result indicated that 50 μM dNTP was sufficient for this PCR amplification. However, the CL intensity was not proportional to the cell number when a large number of cells, more than 10000, were used for the telomerase reaction, as shown in Figs. 2 and 4. This would be due to inhibition of the telomerase reaction and the following PCR amplification by endogenous substances in cells. Based on the above results, we selected 0.2 μM primers and 50 μM dNTP for the telomerase assay. 
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Comparison with other assay methods
Conventional methods, such as electrophoresis with a fluorescence dye, ethidium bromide, and non-separable fluorescence detection assay based on FRET, were compared with the present method for the assay of the telomerase activity in the cell lysates of HeLa cells. Figure 5A shows the telomerase activity in the lysates of HeLa cells by the proposed CL method. From 100 to 4000 cells, a good correlation between the amount of the final telomerase product and the cell number was obtained by our assay (r 2 = 0.997). The relative standard deviation (RSD) was determined for each lysate as an indicator of the inter-assay variation. The RSD values in 5 different runs were 4.3% for 1000 cells, 4.9% for 500 cells, and 14.9% for 100 cells.
Figure 5B showed the telomerase activity in the same sample from HeLa cells measured by the FRET assay method. The sensitivity of the fluorescence assay was lower because of the high background signal, and the linearity between the fluorescent signal and the cell number in the wide range was not sufficient. However, in our assay, the CL signal gave a more linear relation for a cell number of less than 10000.
On the other hand, the final PCR products using the same substrate and primers as those in the proposed assay method were separated by polyacrylamide gel electrophoresis, and detected with fluorescence staining (Fig. 5C ). Molecular sizes of the amplified products were more than 60000 Da. This result indicates that the telomerase product was satisfactorily amplified by PCR. However, the detection limit of the staining with ethidium bromide was approximately one-fiftieth lower than that of the present method, and its image intensity from the amplified telomerase products was not proportional to the cell number.
Telomerase activities in various cells
The telomerase activities in lysates from normal human somatic cells and two cell lines of HeLa and HepG2 were assayed by the proposed CL method. The normal cells were obtained from an oral cavity. As shown in Fig. 6 , the telomerase activities in the lysates from two cell lines of HeLa and HepG2 (approximately 4000 cells, each) were very much higher than that in the lysate of the normal somatic cells (approximately 4000 cells), because these two cell lines were immortal, and thus their cell division was occurred frequently. 19 Our method could measure the very low activity of telomerase in normal somatic cells from the oral cavity. The telomerase activities in the cell lines were not detected when the cell lysate was treated with ribonuclease. The results indicate that the final PCR products were due to the enzymatic reaction with telomerase in the analyzed cells, since ribonuclease decomposes telomerase.
20,21
Conclusions
We developed here a novel telomerase-assay method based on a chemiluminogenic TMPG reaction. We employed partially mismatched primers, since many longer length PCR products were formed by hybridization between both primers during PCR amplification. The final PCR products could be easily isolated from excess primers and dNTP in the reaction mixture by an ultra-filtration membrane. The isolated final PCR products were simply and rapidly converted to chemical illuminants, and sensitively detected by the TMPG reaction. This method could distinguish the telomerase activities in immortal cells from those in normal somatic cells with low activity of telomerase.
Our method has the following advantages compared with other methods, 16, 22 although the separation and CL reaction are required for the telomerase product: 1) our assay can be applied to any type of telomerase assay based on telomeric repeat amplification protocol, 2) this method shows higher sensitivity for the telomerase assay, and thus can determine a very low telomerase activity over a wide range, and 3) it is rapid and simple. Thus, this proposed method would be a convenient tool for the determination of telomerase activity. Fig. 6 Telomerase activities in several human cells. The cell lysates of oral cavity cells from two human specimens (male at 38 years old, and female at 27 years old) and two cell lines of HeLa and HepG2 were used for the assay of the telomerase activity under the recommended conditions (n = 3 each). The specific activity of telomerase was represented as the amount of the amplified products that were equivalent to telomerase products generated for 1 h of the enzymatic reaction per one of cells. In the experiment for the right column, the lysates of HeLa cells were treated by 0.01 unit ribonuclease at 37˚C for 30 min before the telomerase reaction.
